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Abstract 


The  measurement  of  water  vapor  in  the  middle  atmosphere  by  micro- 
wave  radiometry,  using  the  22.235  GHz  water  vapor  absorption  line,  is 
being  pursued  at  the  Ionosphere  Research  Laboratory  and  the  Department 
of  Meteorology  here  at  Penn  State.  In  this  report  the  weighting  func¬ 
tions  which  are  required  in  order  to  invert  the  radiance  data  to  obtain 
the  corresponding  water  vapor  profile  are  derived  and  calculated.  An 
examination  of  these  weighting  functions  indicates  that,  with  our 
instrument,  water  vapor  measurements  can  successfully  be  made  in  the 
50  to  85  km  altitude  range. 
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2.  Introduction 

The  measurement  of  water  vapor  in  the  middle  atmosphere  by  micro- 
wave  radiometry  is  being  pursued  at  the  Ionosphere  Research  Laboratory 
and  in  the  Department  of  Meteorology.  In  brief  the  goal  of  the  project 
is  to  use  our  ground-based  radiometer,  which  is  presently  nearly 
completed,  to  produce  a  spectrum  of  radiance  measurements  across  the 
22.235  GHz  water  vapor  absorption  line,  and  to  use  this  data  to  infer 
the  mesospheric  water  vapor  profile.  It  is  hoped  that  once  the 
experimental  program  is  established,  mesospheric  water  vapor  will  be 
monitored  on  a  continuous  basis.  The  details  of  the  instrument  are 
discussed  elsewhere.  Here  it  need  only  be  mentioned  that  spectral 
analysis  of  the  radiometer  data  will  be  obtained  with  the  use  of  a 
filter-bank  spectrometer  which  comprises  50  contiguous  channels  each 
of  50  KHz  bandwidth  for  a  total  bandwidth  of  2.5  MHz,  centered  at  line 
center.  In  this  report  the  weighting  functions  which  are  required  in 
order  to  retrieve  a  water  vapor  profile  from  the  radiance  measurements 
are  derived.  An  examination  of  these  weighting  functions  demonstrates 
the  feasibility  of  measuring  mesospheric  water  vapor  with  our  instrument. 

2.  Weighting  Functions 

In  general  the  weighting  function  for  any  type  of  remote  sensing 
experiment  can  be  defined  such  that 

g(y)  =  /  WF(x,y)  f(x)  dx  (1) 

where  g(y)  is  the  measured  quantity, 

f(x)  is  the  quantity  to  be  inferred  from  the  measurement 


WF(x,y)  is  the  weighting  function  for  the  particular  experiment . 
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In  our  experiment  the  vector  g(y)  is  the  radiance  measurement,  with 
y  being  the  frequency  at  which  an  individual  measurement  is  made. 

The  vector  f(x)  becomes  n  (s) ,  the  water  vapor  profile  as  a  function 
of  height.  In  order  to  determine  the  manner  in  which  radiance  measure¬ 
ments  in  the  vicinity  of  the  22.235  GHz  water  vapor  absorption  line 
are  related  to  the  water  vapor  profile,  and  thus  determine  the  weighting 
function,  an  equation  of  radiative  transfer  must  be  used.  The  radiative 
transfer  equation,  for  an  upward  viewing  path  through  the  atmosphere , 
applied  at  microwave  frequencies ,  where  atmospheric  scattering  can  be 
neglected  and  hv«kT  (long  wavelength  limit  of  the  Planck  function)  , 


takes  the  simple  form  (Waters,  1976) . 


T  (v)  —  T  (\>)e~T('),ca’0>  + 

Cf  00 


|  T(s)e~r(V,S  '  0)KJV,S  )ds  (2) 


where  T^( v)  is  the  brightness  temperature,  at  frequency  v,  at  the  ground ) 
Too(v)  is  the  brightness  temperature  of  any  microwave  source  external 
to  the  atmosphere, 

T(s)  is  the  atmospheric  temperature  profile, 

K  (v,s)  is  the  volumetric  absorption  coefficient  and 
3i 

r (v,s,o)  is  the  atmospheric  optical  depth  or  opacity, 
s 


r(v,s,o)  =  I  K^(v,s)ds  . 


Two  types  of  experiments  can  be  performed  and  simulated  using 
Eq.  (2):  an  absorption  experiment  in  which  the  radiometer' s  antenna  is 
mounted  on  a  solar  tracker,  and  the  attenuation  of  solar  radiation  is 
measured;  and  an  emission  experiment  in  which  the  antenna  is  fixed  and 
the  thermal  radiation  emitted  by  the  atmosphere  is  measured.  The 
relative  merits  and  disadvantages  of  each  type  of  experiment  are  dis¬ 


cussed  in  detail  in  Longbothum  (1976) ,  and  the  interested  reader  is 


referred  there.  In  the  following  subsections  the  appropriate 
weighting  function  for  each  experiment  will  be  derived. 


a)  Absorption  Experiment 

When  looking  at  the  sun  the  radiation  emitted  by  the 
atmosphere  can  be  neglected  because  it  is  extremely  small 
by  comparison,  therefore  the  radiative  transfer  equation 
reduces  to : 


T  (v) 
9 


T  (v)e 
sun 


-t  (v,°°,o) 


(3) 


Equation  (3)  can  be  rewritten  as 
(Tsun(V>\  f" 

ln  Uv'°,'o)  =  j  vv's;ds* 

^  o 

In  the  stratosphere  and  mesosphere  the  absorption  coefficient 

for  frequencies  within  a  few  MHz  of  the  22.235  GHz  water  vapor 

absorption  line  is,  to  a  good  approximation,  linear  in  the 

water  vapor  concentration  and  can  be  written 

K  (v,s)  =  o (v,s)n„  n(s)  (4) 

a  HiO 

where  n  is  the  water  vapor  concentration, 

I12P 

o(v,s)  is  the  water  vapor  absorption  cross  section  for 
the  22.235  GHz  line. 

With  this  approximation  Eq.  (3)  can  be  written  in  its  final  form 

CO 

IT  (M)\  f 

^(,,slnHz0(S)ds  ( 5 , 

9  o 

where  WF(v,s)  is  simply  equal  to  o(v,s). 


The  left  side  of  Eq.  (5)  can  be  considered  known  from  spectral 
analysis  of  the  radiometer  data.  A  potential  problem  with  this 
is  that  the  solar  brightness  temperature  can  be  quite  variable  at 
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microwave  frequencies,  hence  T  is  not  well  known.  This 

sun 

problem  can  be  circumvented  by  performing  the  measurement  at 
more  than  one  zenith  angle,  and  thus  eliminating  Tsun  from 
Eq.  (5). 

In  order  to  calculate  the  weighting  functions ,  for  the 
frequencies  which  correspond  to  the  filter  bank  used  in  our  measure¬ 
ment  program,  the  microwave  radiative  transfer  model  developed  by 
Longbothum  (1976)  has  been  used.  This  model  was  developed  in 
conjunction  with  a  feasibility  study,  carried  out  at  the 
Ionosphere  Research  Laboratory ,  of  using  microwave  radiometry 
to  measure  water  vapor  in  the  stratosphere  and  mesosphere .  In 
Figure  (l)  we  present  a  plot  of  the  absorption  weighting  functions 
for  the  first  25  channels  of  the  filter  bank,  each  normalized  by 
its  maximum  value.  Thus  the  curves  are  separated  by  50  KHz  with 
the  offset  from  line  center  ranging  from  1.25  MHz  to  zero.  The 
line  is  symmetrical  about  line  center  so  that  the  25  channels  on 
the  opposite  side  of  line  center  give  essentially  redundant 
information.  The  line  is  centered  on  the  center  channel  of  the 
filter  bank  to  produce  a  symmetric  spectrum,  in  order  to  avoid 
any  problems  with  baseline  instabilities .  Figure  (l)  illustrates 
that  the  weighting  functions  peak  at  successively  higher  altitudes 
with  decreasing  frequency  offset  in  an  apparently  exponential 
fashion.  The  figure  also  shows  that  these  weighting  functions 
cover  the  50  to  85  km  altitude  range  quite  well.  Therefore  water 
vapor  profile  measurements  in  this  altitude  range  are  feasible 
with  our  instrumentation.  One  other  point  bears  mentioning,  with 


the  50  KHz  resolution  there  is  a  considerable  amount  of  overlap 
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and  therefore  redundancy  of  information,  in  the  weighting 
functions.  In  an  actual  data  inversion  procedure  not  all  these 
frequencies  would  be  included.  Another  scientific  report 
objectively  determines  the  number  of  independent  pieces  of 
information,  and  thus  the  frequencies  which  should  be  used  in 
the  data  inversion ,  based  on  the  experimental  error  in  the  measure¬ 
ments. 

b)  Emission  Experiment 

In  an  emission  experiment  the  antenna  is  pointed  in  a 
direction  away  from  the  sun  in  order  to  measure  the  thermal 
radiation  emitted  by  the  atmosphere.  In  this  case  the  radiative 
trctnsfer  equation  becomes 

oo 

Tff(v)  =  j  T(s)e~T(v,s,o)Ka(v,s)ds.  (6) 

o 

By  definition,  then,  the  weighting  function  for  this  particular 
experiment  is  given  by 

WF(v,s)  =  T(s)e~'c(V,s,°)  K  (v,s)/nu  (s)  =  r(s;e'T 
so  that  Eq.  (6)  can  be  written 

<30 

T(v)  *  WF(v,s)n  (s)ds. 
g  j  H20 

o 

At  first  glance  this  expression  for  the  weighting  function  appears 

to  be  of  little  use  because  it  contains  the  opacity  for  the  under- 

s 

lying  atmosphere,  t(v,s,o )  =  /  K^(v ,s' ) ds  ,  which  depends  on  the 

o 

water  vapor  profile  from  the  given  level,  s,  down  to  the  surface. 
However,  the  atmospheric  opacity  is  dominated  by  tropospheric 
attenuation.  In  fact  the  Longbothum  model,  with  a  reasonable 
water  vapor  profile,  shows  that  the  opacity  from  the  tropopause 
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to  the  surface  is  more  than  98%  of  the  total  opacity  from  the 
surface  to  100  km.  Thus  in  the  stratosphere  and  mesosphere  the 
atmospheric  opacity  can  be  considered  essentially  independent 
of  height,  and  the  emission  weighting  function  can  be  written  in 
the  final  form 

WF(\>,s)  =  T(s)a(\>,s)e~X(trop)  (7) 

It  can  be  seen  from  Eg.  (7)  that  the  emission  weighting 
function  differs  from  its  absorption  counterpart  only  in  that  it 
has  an  extra  linear  temperature  dependence.  However,  the  absorption 
cross  section  varies  over  orders  of  magnitude  in  the  mesosphere , 
while  the  temperature  varies  over  tens  of  percent.  Thus, variations 
in  the  emission  weighting  function  will  be  controlled  mainly  by 
variations  in  c i(v,s).  In  Figure  (2)  the  emission  weighting 
functions  are  plotted  in  the  same  format  as  were  the  absorption 
weighting  functions.  As  expected  no  significeint  differences 
between  the  two  types  of  weighting  functions  are  observed.  Hence, 
the  same  altitude  range  can  be  covered  with  the  absorption  and 
the  emission  experiment. 

The  weighting  functions  can  be  carried  one  step  further  to 
determine,  in  general,  the  vertical  range  of  water  vapor  profile 
measurements ,  using  ground-based  microwave  techniques ,  as  a  function 
of  the  instrument  bandwidth.  The  highest  altitude  at  which  water 
vapor  measurements  can  be  made  using  the  22.235  GHz  absorption  line, 
occurs  at  approximately  85  km.  This  is  a  consequence  of  the  fact 
that  above  that  altitude  Doppler  broadening  begins  to  surpass 
pressure  broadening  as  the  dominant  line  broadening  mechanism,  and 
the  line  width  is  no  longer  a  function  of  pressure,  or  altitude. 
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emission  experiment  weighting  functions  for  the  first  25 
filter  bank  channels,  with  v  =  22.235  GHz. 
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The  lowest  measurement  altitude  for  a  given  instrument  can  be  es¬ 
timated  as  the  altitude  corresponding  to  the  weighting  function 
peak,  at  maximum  frequency  offset.  Figure  (3)  is  a  plot  of  the 
altitude  of  the  peak  of  the  weighting  function  as  a  function  of 
frequency  offset.  The  exponential  nature  of  the  weighting  functions , 
which  was  mentioned  previously,  is  evident  in  Figure  (3).  Because 
of  this,  it  is  extremely  difficult  to  employ  ground-based  microwave 
techniques  to  make  mid  and  lower  stratospheric  water  vapor  measure¬ 
ments.  For  example,  to  obtain  water  vapor  profiles  successfully 
down  to  20  km  would  require  an  instrument  with  a  bandwidth  of 
greater  than  100  MHz.  The  large  bandwidth  involved,  then,  tends 
to  limit  the  vertical  range  of  measurements  using  this  technique, 
because  wide  bandwidth  spectrometers  suffer  from  baseline  in¬ 
stability  problems.  The  weighting  functions,  however,  remain  well 
behaved  into  the  troposphere;  therefore,  in  principle  measurements 
can  be  made  down  into  the  troposphere ,  given  an  instrument  of 
sufficiently  large  bandwidth,  and  good  baseline  stability. 

3.  Conclusion 

Emission  and  absorption  weighting  functions  have  been  calculated 
for  the  frequencies  which  correspond  to  those  obtained  from  spectral 
analysis  of  the  radiometer  data,  with  the  filter  bank  spectrometer. 

An  examination  of  these  weighting  functions  reveals  that  it  is  quite 
feasible  to  make  mesospheric  water  vapor  measurements  with  our  present 
instrumentation  in  both  the  absorption  and  emission  modes. 


ft 


11 


References 

Longbothum,  R.  L. ,  A  study  of  water  vapor  measurement  in  the  stratosphere 

and  mesosphere  using  microwave  techniques,  PSU-IRL-SCI-449 ,  university 
Park,  Pennsylvania,  1976. 

Waters,  J.  w..  Absorption  and  emission  by  atmospheric  gases.  Methods  of 
Experimental  Physics,  Volume  12:  Astrophysics,  Part  B:  Radio 
Telescopes,  Academic  Press,  197 6. 


DISTRIBUTION  LIST  FOR  PENNSYLVANIA  STATE 
UNIVERSITY  REPORTS  UNDER  ONR  CONTRACT 
NO.  N00014-79-C-0610 


Dr.  Gene  W.  Adams 
NO AA  Lab.  R43 
Boulder,  CO  80302 


Dr.  A.  C.  Aiken 
Code  625  NASA 
Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 


Mr.  R.  V.  Anderson 
Naval  Research  Lab 
Code  4320 

Washington,  DC  20375 


Arecibo  Observatory 

P.O.  Box  995 

Arecibo,  PR  00612 

ATTN:  Director  and  Librarian 


Dr •  E .  Ar i j  s 

Belgian  Inst,  for  Space  Aeronomy 
3  Ringlaan 

B- 1 180  Brussels,  BELGIUM 


Dr.  F.  Arnold 
Max  Planck  Institut 
Fur  Kernphysik 
Postfach  103980 
D 1 69  Heidelberg 
GERMANY 


Dr .  E .  Boe  ck 
Professor  of  Physics 
Niagara  University 
New  York  NY  14109 


Dr.  W-M  Boerner 
COM  LAB/INF  ENG 
UICC 

P.O.  Box  4348 
Chicago,  IL  60680 


Prof.  H .  G  .  Book e r 

Dept,  of  Applied  Electrophysics 

P.O.  Box  109 

University  of  California 
La  Jolla,  CA  92038 


Dr .  S .  A.  Bowhi 1 1 
Aeronomy  Laboratory 
Dept,  of  Elec.  Engineering 
363  E.  E.  Building 
University  of  Illinois 
Urbana,  IL  61801 


Dr .  R .  R.  Burke 

CRPE 

CRN  S 

45045  Orleans  CEDEX 
FRANCE 


Dr*  J.  M.  Calo 
Dept,  of  Chem.  Eng. 
Engineering  Quad 
Princeton  University 
Princeton,  NJ  08544 


Dr.  H.  R.  Car  Ion 
DRDAR-CLB-PO 
Chemical  Systems  Lab 
Aberdeen  Proving  Ground 
MD  21010 


Prof.  A.  W.  Castleman 
Dept,  of  Chemistry 
University  of  Colorado 
Campus  Box  215 
Boulder,  CO  80309 


Dr.  W.  C.  Chamedies 
School  of  Geophysical  Sciences 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 


PAGE 


DISTRIBUTION  LIST  FOR  PENNSYLVANIA  STATE 
UNIVERSITY  REPORTS  UNDER  ONR  CONTRACT 
NO.  N0001  4-7  9-C-06  1  0 


Comissao  Naclonal  de 
Actividades  Espaciais 
Calisca  Postal,  515 
San  Jose  Dos  Campos 
Sao  Paulo,  BRAZIL 


Commander  and  Director 
Atmospheric  Sciences  Lab. 

U.S.  Army  Electronics  Comission 

DRSEL-BY-SY-A 

Dr.  Franklin  E.  Niles 

White  Sands  Missle  Range, 

NM  88002 


Dr.  Cullen  Crain 
Rand  Corporation 
1700  Main  Street 
Santa  Monica,  CA  90406 


Dr.  D.  L.  Croom 

Rutherford  and  Appleton 

Laboratories 

Ditton  Park 

Slough  SL3  9 JX 

Bucks,  ENGLAND 


Dr.  G.  A.  Dawson 
Inst,  of  Atmos.  Phys. 
University  of  Arizona 
Tuscon ,  AZ  87  521 


Dr.  Adarsh  Deepak 
Institute  for  Atmospheric 
Optics  and  Remote  Sensing 
P0.  Box  P 
Hampton,  VA  23666 


Defense  Technical 
Information  Center 
Bu  i  1  d  i  ng  5 
Cameron  Station 
Alexandria,  VA  22314 


Director 

U.S.  Naval  Research  Lab 
Washington,  DC  20390 
ATTN:  Technical  Information 
Divi s ion 


Director 

U.S.  Naval  Research  Lab 
Washington,  DC  20390 
ATTN:  Library,  Code  2029 


Dr •  J .  C .  Dod  ge 
CODE  EBT-8 

Severe  Storms  Program  Manager 
NASA  Headquarters 
Washington,  DC  20546 


Dr  •  Bruce  Edgar 
Box  92957 
Aerospace  Corp. 

Los  Angeles,  CA  90009 


Dr .  J .  V .  Evan  s 
P.0.  Box  73 
Lexington,  MA  02173 


Dr.  A.  A.  Few 

Department  of  Space  Physics 
Rice  University 
P.0.  Box  1892 
Houston,  TX  77001 


Dr  •  W  .  A .  FI  ood 
P.0.  Box  5275 
Dept,  of  Elec.  Eng. 

North  Carolina  State  University 
Raleigh,  NC  27607 


Prof.  George  Freier 
School  of  Physics  and  Astronomy 
University  of  Minnesota 
Minneapolis,  MN  55455 


PAGE  3 


DISTRIBUTION  LIST  FOR  PENNSYLVANIA  STATE 
UNIVERSITY  REPORTS  UNDER  ONR  CONTRACT 
NO.  NOOOl 4-79-C-06  10 


Dr.  Richard  Goldberg 
Code  912 

Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 


Dr.  F.  S.  Johnson 
National  Science  Foundation 
1800  G.  Street,  N.W. 
Washington,  DC  20550 


Prof.  J.  Hallett 
Atmospheric  Science  Lab 
Stead  Fac i  1  i  t y 
Desert  Research  Institute 
Reno,  NV  60220 


Dr .  Ake  He d  be  r g 

Uppsala  Ionospheric  Observatory 

755  90  Uppsala  1 

SWEDEN 


Dr.  J.  R.  Herman 
624  Tulane  Avenue 
Melbourne,  FL  32901 


Dr.  F.  H.  Hibberd 
Department  of  Physics 
University  of  New  England 
Armidale,  N.S.W.  2351 
AUSTRALIA 


Dr .  W .  A .  Hop p e 1 
CODE  4326 

Naval  Research  Lab 
Washington,  DC  20375 


Dr.  R.  E.  Houston 
Dept,  of  Physics 
University  of  New  Hampshire 
Durham,  NH  03824 


Dr.  S.  G.  Jennings 
Physics  Department 
UMIST 

Sackville  Street 
Manchester  M60  1QD 
ENGLAND 


Dr.  K .  H.  Kaselau 

Institut  Fur  Geophysik  &  Meteo. 

Albertus-Magnus-Platz 

D5000  Koln  41 

WEST  GERMANY 


Dr.  H.  Kasemir 

1604  S.  County  Road  15  Rt  .  1 

Berthoud,  CO  80513 


Dr.  Thomas  Keneshea 
AFGL 

L.G.  Hanscom  Field 
Bedford,  MA  01730 


Dr.  G.  Kockarts 
Institut  D'Aeronomie  Spatiale 
Avenue  Circulaire  3 
B-1180,  Bruxelles,  BELGIUM 


Dr .  W .  R .  Kuhn 
Dept,  of  Atmospheric 
and  Oceanic  Science 
University  of  Michigan 
Ann  Arbor,  MI  48104 


Dr.  D.  R.  Lane-Smith 
60  Cedarwood  Crescent 
Nobleton,  Ontario 
LOG  1 NO  CANADA 


Dr.  L.  J.  Lanzerotti 
Bell  Laboratories 
Murray  Hill,  NJ  07974 


J 


-  * .  '“sl/ 


DISTRIBUTION  LIST  FOR  PENNSYLVANIA  STATE  PAGE 

UNIVERSITY  REPORTS  UNDER  ONR  CONTRACT 
NO.  N0001 4-79-C-0610 


Prof.  J.  Latham  Library 

Physics  Department  Service  D'Aeronomie 

Sackville  Street  CNRS 

Manchester  M60  1QD  91  Verrerires  -  Le  Buisson 

ENGLAND  Paris,  FRANCE 


Dr.  Joseph  Lemaire 
Institut  D'Aeronomie  Spatiale 
Avenue  Circulaire  3 
B-1180  Bruxelles,  BELGIUM 


Prof.  Z.  Levin 
Dept,  of  Geophysics 
&  Planetary  Sciences 
Tel  Aviv  University 
Tel  Aviv,  ISRAEL 


Dr.  Lhermitte 
School  of  Marine  & 
Atmospheric  Science 
University  of  Miami 
Miami,  FL  33124 


Library 

Department  of  Meteorology 
University  of  Stockholm 
Arrhenius  Laboratory 
Fack  S-104  05  Stockholm 
SWEDEN 


Library 

Geophysical  Institute 
University  of  Alaska 
College,  AK  99701 


Library 

Max-Planck-Institut 
Fur  Aeronomie 
3411  Lindau/Harz 
Gi llershe im,  WEST  GERMANY 


Dr .  R.  Markson 
46  Kendal  Common  Road 
Weston,  MA  02193 


Massachusetts  Institute 
of  Technology 
Center  for  Space  Research 
Reading  Room,  Rm.  37-582 
Cambridge,  MA  02139 


Mr.  M.  T.  McCracken 
Resident  Representative 
Department  of  the  Navy 
Carnegie  Mellon  University 
Room  407  Margaret  Morrison  Bldg. 
Pittsburgh,  PA  15213 


Prof.  E.  W.  McDaniel 
School  of  Physics 
Georgia  Inst,  of  Technology 
Atlanta,  GA  30332 


Dr .  L .  R .  Meg i 11 
Director,  Center  for 
Atmospheric  and  Space  Sciences 
Logan  State  University 
Logan,  UT  84321 


Dr  .  R  .  E .  Me  ye  r  ot  t 

27100  Elena  Road 

Los  Altos  Hills,  CA  94022 


Dr.  A.  P.  Mitra 
Head ,  Center  of 
Radiophysics  and  Aeronomy 
National  Physical  Laboratory 
New  Delhi-12,  INDIA 


PAGE 


DISTRIBUTION  LIST  FOR  PENNSYLVANIA  STATE 
UNIVERSITY  REPORTS  UNDER  ONR  CONTRACT 
NO.  NOOOI 4-79-C-06  1  0 


Dr.  V.  A.  Mohnen 
State  University  of 
New  York  at  Albany 
1400  Washington  Avenue 
Albany.  NY  12222 


Dr .  C .  B .  Moore 
Physcis  Department 
NM  IMT 

Socorro,  NM  87801 


Prof.  R.  Muhieisen 
Astronomisches  Institut 
De  Universitat  Tubingen 
Aussens  tc lie  Weissenau 
798  Drasthalde/Ravensburg 
WEST  GERMANY 


Dr.  A.  F.  Nagy 
Space  Physics  Research  Lab. 
Dept,  of  Elec.  Engineering 
University  of  Michigan 
2455  Hayward,  North  Campus 
Ann  Arbor,  MI  48105 


Dr.  Rocco  S.  Narcissi 
AFGL 

L.G.  Hanscom  Field 
Bedford,  MA  01730 


Dr.  Marcel  Nlcolet 
30  Avenue  Den  Doom 
B- 1 180  Brussels 
BELGIUM 


Dr.  R.  0.  Olsen 

Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range, 

NM  88002 


Dr .  D.  E .  01s  on 
Department  of  Physics 
University  of  Minnesota,  Duluth 
Duluth,  MN  55812 


Dr.  R.  E.  Orville 
SUNY 

Albany.  NY  12222 


Dr .  Chung  Park 
Radioscience  Laboratory 
Stanford  Electronics  Laboratories 
Stanford  University 
Stanford,  CA  94305 


Dr .  L .  W .  Parker 
252  Lexington  Road 
Concord,  MA  01742 


Dr .  Hays  Penf ield 
Harvard  University 
Cambridge,  MA  02139 


Dr.  J.  Podzimek 
University  of  Mi s s ou r i -Ro 1 1  a 
Cloud  Physics 
Ro 1 la ,  MO  65401 


Dr.  George  C.  Reid 
N0A A  R44 

Boulder,  CO  80302 


Dr .  R .  Reiter 
Inst.  F .  Atmo  sph . 

Umwelt  Forschung 
Kr e uze ck bahn s t ra s se  19 
D-8100  Ga r mi s ch- Pa r t e nk i r che n 
WEST  GERMANY 


Dr.  James  Rosen 
University  of  Wyoming 
Department  of  Physics 
and  Astronomy 
Laramie,  WY  82071 


Dr .  L.  H.  Ruhnke 

Naval  Research  Laboratory 

Code  4320 

Washington,  DC  20375 


DISTRIBUTION  LIST  FOR  PENNSYLVANIA  STATE  PAGE 

UNIVERSITY  REPORTS  UNDER  ONR  CONTRACT 
NO.  N0001  4-79-C-06  10 


Prof.  0.  E.  H.  Rydbeck 
Onsala  Space  Observatory 
Research  Laboratory 
of  Electronics 

Chalmers  University  of  Technology 
Onsala,  SWEDEN 


Dr.  F.  J.  Schmidlin 
NASA 

Wallops  Flight  Center 
Wallops  Island,  VA  23367 


Dr.  P.  R.  Schwartz 
E.  0.  Hulbert  Center 
for  Space  Research 
Naval  Research  Laboratory 
Washington,  DC  20375 


Dr.  Ron  Schwiesow 
NO AA  ERL  W  PL 
Boulder,  CO  80302 


Dr.  C.  F.  Sechrist 
University  of  Illinois 
Electrical  Engineering  Dept. 
Urbana,  IL  61801 


Official  Publications  Section 
British  Library  Reference  Divison 
London,  WCIB  33DG 
ENGLAND 


Dr .  T .  A.  Se 1  iga 
Director 

The  Atmospheric  Sciences  Program 
Ohio  State  University 
Columbus,  OH  43210 


Space  Science  Board 
Documents  Section 
(JH  No.  421  ) 

National  Academy  of  Sciences 
2101  Constitution  Avenue,  N.W. 
Washington,  DC  20037 


Dr .  P .  S  tubbe 

Ma x-Pl an ck - In s t i tu t  Fur  Aeronomie 
3411  Lindau-Harz 
Gillersheim,  GERMANY 


Dr .  Paul  Swanson 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 


Dr.  Wesley  E.  Swartz 

School  of  Electrical  Engineering 

Phillips  Hall 

Cornell  University 

Ithaca,  NY  14850 


Dr .  W.  A.  Swider 
AFGL  ( LKB ) 

L.G.  Hanscom  Field 
Bedford,  MA  01730 


Technical  Reports  Collection 
Gordon  McKay  Library 
Harvard  University 
Pierce  Hall,  Oxford  Street 
Cambridge,  MA  01020 

Dr.  D.  L.  Thacker 
E.  0.  Hulbert  Center 
for  Space  Research 
Naval  Research  Laboratory 
Washington,  DC  20375 

Dr .  E  .  V .  Thr  ane 
NDRE,  P.0.  Box  25 
N-2007  Kjeller 
NORWAY 


Dr .  B.  A.  Thrush 

Dept,  of  Physical  Chemistry 

Lensf  ield  Road 

Cambridge,  ENGLAND 


PAGE  7 


DISTRIBUTION  LIST  FOR  PENNSYLVANIA  STATE 
UNIVERSITY  REPORTS  UNDER  ONR  CONTRACT 
NO.  NOOOl 4-7 9-C-06 1 0 


Dr.  Thomas  F.  Trost 
Electrical  Engineering  Dept. 
Texas  Tech.  University 
Lubbock.  TX  79409 


Dr.  Roland  T.  Tsunoda 
Radio  Physics  Laboratory 
Stanford  Research  Institute 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 


Dr .  R.  P .  Tur ko 

R&D  Associates 

P.O.  Box  9695 

Marina  Del  Rey  ,  CA  9029  1 


Dr .  J.  W.  Waters 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 


Dr.  S.  Weisbrod 
Mgr.  Electromagnetic 
Propagation  Department 
M i crone  tics 

7155  Mission  Gorge  Road 

P.O.  Box  20396 

San  Diego,  CA  92120 


Dr.  J.  C.  Willett 
Code  4325 

Naval  Research  Lab 
Washington,  DC  20375 


World  Data  Centre 
Appleton  Lab,  Ditton  Park 
Slough  SL3  9JX 
Bucks,  ENGLAND 


Addressee 

Director 

Defense  Nuclear  Agency 
Washington,  D.C.  20305 
Attn:  Dr.  Carl  Fitz  (RAAE) 

Mr.  Dow  Evelyn  (RAAE) 

Director 

Defense  Advanced  Research  Projects  Agency 
1400  Wilson  Boulevard 
Arlington,  VA  22209 
Attn:  ST0 

LC0L  G.  Bui  in  (NMR0) 

Office  of  Assistant  Secretary  of  the  Navy 
for  Research,  Engineering  and  Systems 
Washington,  D.C.  20301 
Attn:  Dr.  Herbert  Rabin 

2 

Deputy  Assistant  Secretary  of  Defense  (C  ) 
The  Pentagon 
Washington,  D.C.  20301 
Attn:  Dr.  Thomas  P.  Quinn 
Room  3E160 

Chief  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  VA  22217 
Attn:  R.  G.  Joiner  (Code  464) 

J.  Hughes  (Code  465) 

W.  Martin  (Code  465) 

H.  Mullaney  (Code  427) 

C.  Luther  (Code  461) 

S.  Reed  (Code  100C) 

W.  Boyer  (Code  200) 

Director 

Naval  Electronic  Systems  Command 
Washington,  D.C.  20360 
Attn:  PME  117-21 
PME  117-23 
PME  117T 

Director 

Naval  Oceans  System  Center 
271  Catalina  Blvd. 

San  Diego,  CA  92152 
Attn:  Dr.  Juergen  Richter 


No.  of  Cop 


1 

1 


1 

1 


1 


1 


1 

1 

1 

1 

1 

1 


2 


C\J  CM  <\J 


Addressee 


Director 

Naval  Underwater  Systems  Center 
New  London  Laboratory 
New  London,  CT  06320 
Attn:  Dr.  Peter  Banister 

Lockheed  Palo  Alto  Research  Laboratories 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  Dr.  J.  B.  Reagan 
Dr.  Wm.  Imhof 
Dr.  Billy  McCormick 


